In this study, 3,3,3-trifluoropropyltrimethoxysilane was first used as a modification agent to synthesize a highly hydrophobic mesoporous silica, TFP-MCM-41, using a refluxing method. The adsorption properties of TFP-MCM-41 for dibutyl phthalate (DBP) were studied by comparing its properties with that of the n-propyl-functionalized form of MCM-41, P-MCM-41, which contains three C-H bonds at the end of the organic chain instead of C-F bonds as in 3,3,3-trifluoropropyltrimethoxysilane, and unmodified MCM-41. TFP-MCM-41 showed much stronger hydrophobicity, higher adsorption affinity and better selectivity for adsorption of DBP than either P-MCM-41 or MCM-41. TFP-MCM-41 could preferentially uptake DBP from an aqueous solution containing a trace of DBP and large amounts of phenol. The excellent adsorption affinity and selectivity for DBP displayed by TFP-MCM-41 were ascribed to the hydrophobic and hydrogen bond interactions between the 3,3,3-trifluoropropyl groups and DBP molecules.
Introduction
Phthalate acid esters (PAEs) are a type of plasticizer that is widely used to improve exibility, workability and the general handling properties of certain plastics. The amount of PAEs in some plastic products can be as much as 10-60 wt%.
1 PAEs are known to be endocrine disrupting chemicals (EDCs) that may interfere with endocrine systems and pose serious risks to the health of animals and humans. 2, 3 Dibutyl phthalate (DBP) is a typical member of the family of PAEs and has been shown to cause deformities in aquatic organisms. 4, 5 As a result of its widespread use, DBP can be found throughout the environment. Due to its low water solubility and high octanol-water partition coefficient 6 DBP is at present at extremely low concentrations in aqueous environments. 7 However, it can pose risks even at trace levels. Furthermore, given its stability in the natural environment, DBP is bioconcentrated in living systems and biomagnied through the food chain in the ecosystem. Conventional water treatment methods; e.g., coagulation, sedimentation, ltration and disinfection, do not effectively remove DBP from treated waters. 8 As a result, there is great interest in the development of effective methods for removing DBP from aqueous environments. Among the treatment methods available, adsorption is a rapid and safe process that has attracted considerable attention. The conventional adsorption materials commonly include activated carbon, 9 ceramic, 10 silicon dioxide, 11 alumina, clay and mesoporous silica.
12-14 Among these materials, activated carbon and mesoporous silica are most frequently studied. Activated carbon possess very strong adsorption ability and has been used for many years in water treatment. However, it can cause an extensive adsorption for most of organic compounds in water environment, and cannot effectively separate and recycle the target pollutant, especially when the target pollutant is present at a low concentration. Hence, DBP in an aqueous solution is difficult to be enriched in activated carbon when it coexists with other pollutants with a high concentration. According to the similarity-intermiscibility theory, the hydrophobic adsorbent has a higher selectivity for DBP than other organic pollutants due to the strong hydrophobicity of DBP molecular.
Mesoporous silica materials have been widely investigated as adsorbents and as a catalytic support because of its large surface area, [15] [16] [17] uniform hexagonal channels (1.5-10 nm in diameter), large pore volume, and chemical stability. Unmodied mesoporous silica is highly hydrophilic due to the large number of surface silanol groups and has been used for the removal of dyes, 18 nitrobenzene, 19, 20 and other organic pollutants. Zhao et al. 21 studied the modication of MCM-41 by using the trimethylchlorosilane as the modier, and the modied MCM-41 could still maintain the ordered mesoporous structure and possess good hydrophobicity to selectively adsorb volatile organic compounds. Huang et al. 22 reported that octyl and octadecyl gied SBA-15 had a better adsorption performance for dimethyl phthalate and diethyl phthalate than unmodied SBA-15 in the aqueous solution. And a higher adsorption capacity could be reached by giing octadecyl on SBA-15. Yamashita et al. 23 studied that MCM-41 was modied with the hydrophobic triethoxyuorosilane, attesting that organouorine silane gied on the mesoporous silica possess the characteristics of high thermal and chemical stability.
Adsorption properties of materials largely depend on their surface hydrophilic-hydrophobic properties, providing the basis for the interactions between adsorbents and adsorbate.
24-27 A surface hydrophilicity can be easily imposed on unmodied mesoporous silica, which results in the poor adsorption affinity of hydrophobic organic compounds; therefore, surface hydrophobic modication is an effective way to enhance the adsorption capacity for organic compounds. [28] [29] [30] The most common organic functional groups are alkyl groups, 31, 32 whose hydrophobicity increases with the increase in the length of the carbon chains. However, the presence of alkyl groups with long carbon chain occupy more channel space than alkyl groups with short carbon chain. This can lead to pore blocking, which has a negative effect on the performance of adsorbent for hydrophobic materials.
Taking these into consideration, we hope to nd a new kind of hydrophobic organic modier, which possesses a shorter carbon chain and an excellent adsorption property, simultaneously. Because of the enhanced hydrophobicity of organic functional groups with uorine groups, in this study, 3,3,3-triuoropropyltrimethoxysilane containing hydrophobic alkyl group and uorine-carbon bonds was designed as a modication agent for the functionalization of MCM-41, which is a typical mesoporous silica. TFP-MCM-41 was prepared successfully by a postsynthesis graing method. Its adsorption properties for DBP were studied in detail and in comparison with both unmodied MCM-41 and n-propyltrimethoxysilane modied MCM-41.
Materials and methods

Materials
All reagents used in the experiments were used without further purication. Tetraethoxysilane (TEOS, 28% SiO 2 , Tianjin Fuchen Chemical Reagents Factory, China), n-cetyltrimethyl ammonium bromide (CTAB, $99.0%, Bio-Green Planet) and ammonia (25-28 wt%, Shanghai Richjoint Chemical Reagents Co., Ltd, China) were analytical reagent grade. 3,3,3-Triuoropropyltrimethoxysilane (TFPTMS, 97%, Alfa Aesar Chemical Co. Ltd., Tianjin, China), npropyltrimethoxysilane (PTMS, 97%, Sigma-Aldrich Co. LLC.) and dibutyl phthalate (DBP, $98.5%, Aladdin Reagent Co. Ltd., Shanghai, China) were guaranteed reagents. Fig. 1 is the schematic illustration of the adsorbent preparation. First, the purely siliceous MCM-41 was prepared by a hydrothermal method.
Synthesis
33 CTAB was dissolved in the aqueous NH 3 solution, and then TEOS was added dropwise with magnetic stirring at 40 C. The mole ratio in the gel mixture was Fourier transform infrared (FT-IR) spectra were obtained using a Nicolet-6700 Thermo spectrometer at a spectral resolution of 1.92 cm À1 . Elemental analysis was performed on an elemental analyzer (Vario EL cube) to estimate the number of organic carbon chains graed on MCM-41 samples. Water contact angles were measured by a contact angle analyzer (OCA 20). The sample powder was uniformly dispersed on glass slide using isopropanol as a solvent, and then dried at 100 C for 30 min.
Adsorption experiments and analysis methods
5 mg of adsorbent was added to a conical ask containing a specic concentration of DBP in aqueous solution. The asks were sealed and mechanically shaking in a temperaturecontrolled water bath shaker for a certain period of time at a mixing speed of 170 rpm. Aer the adsorption process, the solution was ltered by 0.45 mm lter membrane, and the amount of the DBP adsorbed on the adsorbent was determined by the residual concentration in the ltrate by highperformance liquid chromatography (HPLC, Shimadzu LC 20AT). An HC-C18 (250 Â 4.6 mm, 5 mm), (Thermo Scientic) column was used. The mobile phase was a mixture of methanol and water (90 : 10, v/v) with a ow rate of 1.0 mL min À1 . The UV detector was operated at 228 nm. The adsorption amount (Q) of DBP was calculated according to the following equation:
is the concentration of DBP in any sample time, and m (g) is the mass of the adsorbent used in the experiments. For the selective adsorption experiments, a series of solutions of DBP and phenol (Ph) in water were prepared, in which the DBP concentration was xed at 1.
) and the molar concentrations of Ph were adjusted to 1, 5, 20, 50 and 100 times that of DBP. 5 mg of adsorbent samples were suspended in 100 mL of the mixtures with different concentration ratios of DBP and Ph (C DBP : C Ph ). The suspension solution was maintained at 25 C and shaken continuously. Aer reaching adsorption equilibrium, the residual concentrations of DBP and Ph were determined by HPLC. The selective adsorption coefficient for DBP (K DBP ) was dened as the ratio of equilibrium distribution coefficient for DBP and Ph, 34 and was calculated via the following equation: 
Results and discussion
The optimization of synthetic conditions
The FT-IR spectra of MCM-41, P-MCM-41 and TFP-MCM-41 with different TFPTMS/MCM-41 mole ratios varied from 0.2 to 0.8 are shown in Fig. 2 . The peaks at 1080 and 800 cm À1 are assigned to the stretching vibrations of the Si-O-Si framework. 15, 35 The peaks at 2923 and 2852 cm
À1
, which only appear in the spectra of P-MCM-41 and TFP-MCM-41, are ascribed to the stretching vibration peak of C-H. 36 The peaks at 1450 and 1380 cm À1 are ascribed to the anti-symmetric and symmetric bending vibrations of C-H, respectively. The peak at 1317 cm
is the stretching vibration of the C-F bond. 37 These adsorption bands indicate that n-propyl groups and 3,3,3-triuoropropyl groups had been successfully graed onto the surface of MCM-41. In addition, the peak at 3450 cm À1 is the stretching vibration peak of surface O-H groups and adsorbed water molecules, while the peak at 1630 cm À1 is the bending vibration of the H-OH bond. 38 By comparison, the two peaks of P-MCM-41 were weaker than that of MCM-41 but stronger than that in TFP-MCM-41, indicating that P-MCM-41 was more hydrophobic than MCM-41, while TFP-MCM-41 was more hydrophobic than P-MCM-41. Besides, it was found that the two peaks representing O-H and H-OH groups become weaker with the increase of TFPTMS/MCM-41 mole ratio, which indicates that the materials were becoming more hydrophobic. Fig. 3 shows the adsorption effect of the TFP-MCM-41 adsorbents prepared with different dosages of the modica-tion reagent. The adsorption capacity increase from 38 to 65 mg g À1 when TFPTMS/MCM-41 mole ratio increase from 0.2 to 0.4. However, there is only a slight increase in adsorption capacity when the TFPTMS dosage is increased further, probably indicating that the surface of the MCM-41 is nearly fully covered with TFPTMS at a TFPTMS/MCM-41 mole ratio of 0.4. Based on the adsorption results, we determine that the optimal TFPTMS/MCM-41 is 0.4 with a theoretical TFPTMS dosage of 3.3 mmol g À1 . Fig. 1 The schematic illustration of the adsorbent preparation. In addition, the optimal reux temperature and time is also determined to be 110 C and 18 h, (Fig. S1-S6 †) . (110) and (200) diffraction planes, respectively. These data indicate that all three samples possessed typical hexagonal mesoporous structure 25 and that the long-range order of the MCM-41 solid was maintained aer the graing of the organic functional groups.
Characterization of the adsorbents
The N 2 adsorption/desorption isotherms of the three samples (Fig. 5) show that they all exhibit typical type IV isotherms, indicative of typical materials containing mesopores.
33 Table 1 contains the textural parameters of the three samples obtained from XRD and N 2 adsorption/desorption data. The BET surface area, pore volume and pore diameter of MCM-41 decrease aer graing, which could be a consequence of the presence of organic surface groups. However, the open channels and high surface areas still remained available to contribute to the rapid and abundant adsorption of organic compounds. Elemental analysis data revealed that the carbon contents of P-MCM-41 and TFP-MCM-41 were 6.05% and 6.11%, respectively, and that the number of npropyl groups on P-MCM-41 was 1.68 Â 10 À3 mol g À1 and the number of 3,3,3-triuoropropyl groups on TFP-MCM-41 was 1.70 Â 10 À3 mol g À1 .
The hydrophilic-hydrophobic performance of material can be estimated by observing its behavior when in contact with water. As shown in Fig. 6 , unmodied MCM-41 showed strong hydrophilicity as its water contact angle was 20.5 , and once put it into water, it sank to the bottom immediately. The contact angle of P-MCM-41 increased to 86.1 . When P-MCM-41 was put into water, it oated on the water surface rst, but the edge of powder sample wetted gradually, so that some sample sank to the bottom or remained suspended in solution. However, the contact angle of TFP-MCM-41 was up to 151.0 , and it remained oating on the surface of water. The greater hydrophobicity of TFP-MCM-41 compared to that of P-MCM-41 suggests that the F atoms in the modifying agent played a major role in the hydrophobicity of the adsorbent.
Kinetic study
Adsorption is a time-dependent process, and it is important to know the rate of adsorption in order to better design and evaluate an adsorbent. Fig. 7 shows the time course of the DBP adsorption on MCM-41, P-MCM-41 and TFP-MCM-41 adsorbents. It can be seen that DBP adsorption onto the three adsorbents was fast in the rst 60 min, and then the rate of adsorption of DBP slowed as the process neared equilibrium. This behavior can be attributed to the large number of vacant surface sites available for adsorption during the initial stage of the process.
39
The amount of DBP adsorbed on the three adsorbents were in the following order: TFP-MCM-41 > P-MCM-41 > MCM-41. The DBP adsorption capacity of TFP-MCM-41 was 65.18 mg g À1 , which was about 8.7 times of that of MCM-41, and 2.5 times of that of P-MCM-41, respectively. DBP is characteristic of strong hydrophobic organic compounds. The DBP adsorption capacity of MCM-41 is low because of the hydrophilic surface of the adsorbent. Due to the presence of n-propyl groups on the surface of P-MCM-41, the hydrophobic interactions between the n-propyl groups and the alkyl groups of DBP increased the DBP adsorption capacity of P-MCM-41. For TFP-MCM-41 with 3,3,3-triuoropropyl groups on surface, its hydrophobicity was higher than that of P-MCM-41. When TFP-MCM-41 was mixed with DBP, there were not only hydrophobic interactions between the 3,3,3-triuoropropyl groups of adsorbents and alkyl groups of DBP, but also possible hydrogen bond interactions between the H atoms of DBP and the F atoms of the 3,3,3-triuoropropyl groups. Because of the presence of these two interactions, TFP-MCM-41 presented much stronger affinity for DBP than did P-MCM-41.
The kinetics of adsorption describes the rate of adsorbate uptake on the adsorbent. The adsorption kinetic of DBP on all three adsorbents was investigated by tting the experimental data with pseudo-rst-order and pseudo-second-order models (as shown in Fig. 8) . The slope and intercept of the plots were used to determine k 1 , k 2 , R 2 , and Q e,cal . As reected in the results in Table 2 and Fig. 8 , the experimental kinetic data were better described as a pseudo-second order process than as a pseudorst order process. This result is in agreement with the result of with Saeid Azizian 40 who reported that the adsorption kinetics were better described by a pseudo-second-order model than a pseudo-rst-order model when the initial concentration of solute (C 0 ) was low.
Adsorption isotherms
The adsorption process can be further described by adsorption isotherms. The Langmuir, Freundlich and linear models are usually used to explore the adsorption isotherm in detail, being represented as:
Langmuir adsorption isotherm:
where Q e (mg g À1 ) is the equilibrium adsorption capacity of DBP on the adsorbent; C e (mg L À1 ) is the concentration of DBP in equilibrium with the solution; Q m (mg g
À1
) is the maximum monolayer capacity of the adsorbent; and K L is the Langmuir constant.
Freundlich adsorption isotherm: where K F and 1/n are the Freundlich constants related to the adsorption capacity and adsorption intensity of the adsorbent, respectively. It is general in favor of adsorption when 1/n is smaller, so the absorbability order of three adsorbents is TFP-MCM-41 > P-MCM-41 > MCMC-41. Linear adsorption isotherm:
where b and the distribution coefficient K d are the constants. Graphic presentations and the curve-tting parameters of the adsorption isotherm results are given in Fig. 9 and Table 3 . The amount of adsorbed DBP decreased with the increase in the temperature, indicating that the lower temperature was more favorable to adsorption. The adsorption isotherm of DBP on MCM-41 t the Freundlich model better than the Langmuir model and liner model at all three temperatures (R 2 > 0.94).
However, the isotherm of DBP on P-MCM-41 and TFP-MCM-41 showed obvious linear trend, which was typical characteristic of hydrophobic adsorption. 41 Besides, Fig. 9(a) showed that the DBP adsorption capacity of TFP-MCM-41 approached 250 mg g À1 when the adsorption temperature was 15 C, which was much higher than that of P-MCM-41 (83 mg g À1 ) and unmodied MCM-41 (31 mg g À1 ). The adsorption capacity of TFP-MCM-41 for DBP also surpassed some other common adsorption materials, such as natural clay (about 0.7 mg g À1 ), 42 biological adsorbent b-cyclodextrins (1.7 mg g À1 ). 43 It also much higher than that of amphiphilic polypropylene nonwoven (28.97 mg g À1 ) 44 and multilayer nanotubes with outer diameter of 10-20 nm (99 mg g À1 ). 
Selective adsorption performance of the adsorbents
In order to investigate the adsorption selectivity of hydrophobic DBP, phenol (Ph) was chosen as competitive adsorbant. Ph is relatively hydrophilic (log K ow ¼ 1.46) and is commonly found in many polluted waters. Selected properties of DBP and Ph are compared in Table 4 . The adsorption effect of TFP-MCM-41 and P-MCM-41 adsorbents in aqueous mixtures with different concentration ratios of DBP and Ph (C DBP : C Ph ) is illustrated in Fig. 10 . The selective adsorption coefficients of the two adsorbents for DBP (K DBP ) are listed in Table 5 . The amount of DBP adsorbed on TFP-MCM-41 was not affected by the concentration of Ph in the mixtures, and was signicantly larger than the amount of Ph adsorbed. When the concentration of Ph was the same as DBP, the selective adsorption coefficient of TFP-MCM-41 for DBP (K DBP ) was as high as 486.6. Since TFP-MCM-41 has a slight affinity for phenol, K DBP increased generally with the increase in the concentration of phenol. These data show that in the mixtures of DBP and Ph, TFP-MCM-41 has remarkable adsorption selectivity for the highly hydrophobic DBP. In contrast, P-MCM-41 showed a lesser degree of selectivity for DBP due to adsorbent's lesser hydrophobicity. With the increase in the Ph concentration, the amount of Ph adsorbed on P-MCM-41 increased while the adsorption of DBP became weaker due to the competitive adsorption. In short, the greater the hydrophobicity of the adsorbent, the greater the adsorption selectivity for the hydrophobic organic compounds. Fig. 11 summarizes the situation: hydrophobic interactions between the DBP alkyl groups and n-propyl groups of P-MCM-41 results in greater selectivity for adsorption of DBP than with Table 3 Adsorption isotherms fitting parameters for DBP on the three adsorbents 
Regeneration performance of the adsorbent
The regeneration performance of the adsorbent is an important factor for the wide application, making it benecial to reduce the cost of the adsorbent. NaOH solution (0.1 M) was used to regenerate the saturated adsorbent. The regenerated adsorbent was reused in the next run under the same conditions. The regenerated and recycled results of TFP-MCM-41 are shown in Fig. 12 . TFP-MCM-41 had a stable and excellent adsorption capacity for DBP aer four cycles. The adsorption capacity of TFP-MCM-41 decreased slightly aer three cycles, probably attributed to a partial loss of the organic functional groups from TFP-MCM-41 during the regeneration process. As a result, TFP-MCM-41 could be a stable and excellent adsorbent for DBP removal.
Conclusions
In this work, we prepared a highly hydrophobic 3,3,3-triuoropropyl-functionalized mesoporous silica, TFP-MCM-41, by reuxing using 3,3,3-triuoropropyltrimethoxysilane as a modifying agent. TFP-MCM-41 showed much stronger , contact time: 6 h). Fig . 11 Schematic illustration of the interactions between the three adsorbent and DBP. hydrophobicity and higher adsorption affinity for hydrophobic DBP than the n-propyl-functionalized P-MCM-41 or unmodied MCM-41. Especially, TFP-MCM-41 exhibited remarkable selectivity for DBP, which could preferentially take up DBP from the aqueous mixture containing small amounts of DBP and large quantities of phenol. The outstanding adsorption affinity and selectivity for DBP of TFP-MCM-41 can be ascribed to both hydrophobic interactions and hydrogen bond interactions that occur between the 3,3,3-triuoropropyl groups and DBP molecules. This work provided a valuable guidance for developing the efficiently functionalized adsorbents for wastewater treatment.
